Abstract-The long-term accumulation of Zn in soils provides the microbial community time to adapt to this heavy metal. To assess the effects of long-term exposure to Zn on the metabolic diversity and tolerance to Zn of soil microbial community, the pollution-induced community tolerance (PICT) method, based on the Biolog microtitre plate system, was used. It especially is useful to study gradients of pollutants for detecting PICT. Such a Zn gradient was found by selecting soils at increasing distances from galvanized electricity pylons at two sites where Zn accumulation had occurred over a period of decades. Soil metabolic profiles showed a humpbacked response to increasing soil Zn concentrations, indicating that accumulation of Zn up to 2,000 mg/kg did not decrease the metabolic biodiversity in the culturable fraction of the microbial community. This fraction of the microbial community showed significant PICT, because the effective concentration that reduces the metabolic biodiversity by 50% (EC50), values for Zn added to the Biolog wells increased by up to two orders of magnitude with increasing soil-Zn concentration along the transects. Significant PICT was detectable at soil Zn concentrations above approximately 300 mg/kg. The EC50 values correlated more closely with soil total Zn than with soil pore water Zn. The results suggest that, although long-term exposure to Zn imposes stress on soil microbes, resulting in an increased tolerance, detectable PICT does not necessarily lead to a decrease in metabolic diversity.
INTRODUCTION
The soil microbial community fulfils a vital role in the maintenance of soil quality and fertility. It is responsible for organic matter cycling and various energy production processes [1, 2] . It also is a potentially sensitive indicator of environmental pollution (e.g., with heavy metals [3] ), and adverse effects on the soil microbial community may result in detrimental effects on long-term soil sustainability. The potential effects of heavy metals, especially Zn, have been demonstrated using a variety of measures of the soil microbial community, e.g., microbial biomass [4, 5] , soil respiration [6] , the study of sentinel species such as rhizobia [7, 8] , and using molecular methods such as re-association of DNA [9] .
A number of studies have shown that the bacteria and fungi isolated from sites subject to long-term heavy metal exposure are more tolerant of higher metal concentrations than isolates from less polluted sites [10] [11] [12] , but community-level adaptation to increased metal concentrations is not well studied. The concept of pollution-induced community tolerance (PICT) was introduced by Blanck et al. [13] . It is based on community shifts towards more tolerant populations in response to the presence of a toxicant in an ecosystem and allows ecological effects to be related to the occurrence of a specific pollutant. As pollution increases, sensitive species gradually will be lost from the system until only tolerant organisms remain. It has been suggested that the degree of PICT in a community can be used for risk assessment purposes as a quantitative measure of ecological stress [14] . Many authors regard PICT as an indicator of deleterious effects within the microbial community due to the expected alteration in the genetic and species com-position of the soil [15] , but PICT also could be seen positively as the community adapting to maintain soil function and enhance sustainability.
Initially developed and still applied to aquatic ecosystems [13, 16] , the PICT concept has been applied more recently to terrestrial ecosystems [11, [17] [18] [19] . Rutgers et al. [17] investigated the development of PICT of soil microbes using a field experiment that had been amended with a range of Zn concentrations and left to age for over two years. They applied the Biolog microtitre plate system, which indicates the metabolic diversity of the culturable bacterial community based on utilization of 95 or 31 carbon substrates depending on plate type. This technique has been adapted to measure PICT by exposing extracted microbial communities to varying pollutant concentrations within the wells of the Biolog plate. The Biolog assay measures only the culturable fraction of soil bacterial community (ϳ0.5-1% of total [20] ) that are fast growing and are suited to high nutrient conditions [21] . Rutgers et al. [17] observed some increase in tolerance with elevated soil Zn concentration. However, in their study the effective concentration that reduces the substrate utilization by 50%, (EC50) values for Zn added to Biolog wells were unrealistically high (up to 2,500 mg/L), even in the control soil. Also, the one-off application of a large concentration of Zn salt to the soils may have altered the toxicity response of the community as this is more bioavailable to the soil microbial community than an equivalent environmentally realistic dose accumulated over many decades [22] .
In the field situation, there have been only a few applications of the PICT assessment for soil microorganisms. Rutgers and Breure [18] and Posthuma et al. [19] investigated the development of tolerance in soils surrounding the Budel smelt-er (The Netherlands). They demonstrated that even a small increase in total soil Zn concentration (50 mg/kg) resulted in the development of PICT within the microbial community. Posthuma et al. [19] showed that increases in total Zn concentration up to 300 mg/kg increased the abundance and taxa of nematodes present in soil. Above this value, both taxa and abundance declined; however, abundance decreased at a slower rate, indicating the development of a tolerant population. Nematode abundance only decreased below the control value at total Zn concentrations of Ͼ1,000 mg/kg Zn. The application of the PICT assessment is based on attributing observed effects to specific pollutants, but often this is difficult as multiple pollutants contaminate most sites. Areas surrounding smelters such as Budel often have elevated Zn concentrations, but normally these are associated with increased Pb or Cd levels. Tolerance to one metal, however, may confer resistance to another [23] .
In the present study, our aim was to measure the substrate utilization profiles and investigate PICT in soil microbes in response to a gradient of long-term Zn exposure. The hypothesis tested was whether these microbes show increased tolerance to Zn and whether this relates better to soluble Zn concentration in soils solution than to total soil Zn. Field sites were chosen that had been subject to accumulations of Zn only to avoid interference from other toxicants.
MATERIALS AND METHODS

Field sites
The sites were chosen at increasing distances from galvanized electricity transmission towers. Previous research at the transmission towers [24] had demonstrated increases in Zn tolerance of the grass species Agrostis capilliaris L. growing underneath three of the four pylons studied, although tolerance beneath individual pylons was not uniform. Also, it has been shown that the Zn deposited on the soil from towers is in the form of soluble salts [22] . Two sites, one in Rhydtalog (North Wales, UK; 53Њ05Ј13ЉN, 3Њ07Ј17ЉW) and the other at Zeveren, near Ghent (Belgium, 50Њ59Ј01ЉN, 3Њ30Ј22ЉE), were chosen. Soil samples were taken at different distances from electricity pylons (0-80 m away) to provide a Zn concentration gradient, and control soils were taken within the same field. The samples were given numbers 1 to 4 at each site, with 1 being the control and 4 being the most-contaminated sample from under the pylon. At Rhydtalog, the galvanized pylon was erected in 1956 and painted with mica-based paint in 1983, whereas at Zeveren the pylon was erected in 1992 and not painted until 2002. The soil type at Rhydtalog was a silt loam and a sandy loam at Zeveren.
Soil sampling
Field sites were sampled in February 2002 and soil samples were taken to a depth of 10 cm with a stainless steel auger. The soils were sieved to Ͻ4 mm, air dried, and stored in airtight drums until use.
Soil chemical and moisture properties
The total Zn concentration in soil was analyzed using inductively coupled plasma-atomic emission spectrometry (Fisons ARL Accuris, Eclubens, Switzerland) after aqua regia digestion [25] . Soil pore water was obtained using a centrifugation method [26] . The pore-water samples were filtered through a 0.45-m filter (Whatman, Maidstone, Kent, UK) and the metal concentrations analyzed by inductively coupled plasma-atomic emission spectrometry. Soil pH was measured by 1:2.5 extraction with deionized water and analyzed using an electrode and pH meter (Orion, Thermo Electron, Waltham, MA, USA), as was soil pore water pH. Soil moisture at pF 0 (saturation) and pF 1.9 (80-cm suction) was determined by the sandbox method using 100-cm 3 soil cores (P1.80-1, Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands).
Pollution-induced community tolerance
Microbes were extracted from soil samples 1 to 4 from both transects, which showed increasing Zn concentrations in the field. Tolerance to Zn of these extracted organisms was then tested by exposing them to a number of increasing Zn concentrations in solution in the wells of Biolog microplates in the laboratory, as described below. The PICT assay was modified from the method of Rutgers et al. [17] . Soil moisture was adjusted to 60% of pF 1.9 (ϳ50% of water-holding capacity) by adding deionized water and equilibrated at room temperature for two weeks prior to beginning experiments. Microbial extracts were prepared by the addition of 10 g of soil to 40 ml of a sterile buffer (1 mM Bis-Tris [Sigma Chemical, St. Louis, MO, USA]; pH 7); these were shaken on an orbital shaker at 30ЊC for 20 min at 150 rpm. The suspensions were centrifuged at 500 ϫ g for 5 min. The resultant supernatant was diluted 10-fold using 1 mM Bis-Tris (pH 7) or a ZnCl 2 solution to establish a gradient of 0, 0.1, 0.32, 1, 3.2, 10, 32, and 100 mg/L Zn. This concentration range was much smaller than that used by Rutgers et al. (0-2,500 mg/L) [17] . Our preliminary tests showed that Zn concentrations above 100 mg/L led to precipitation in the Biolog wells, which resulted in false positive absorbance readings. Sodium chloride was added in an inverse proportion to the solutions to equalize the chloride content of the solutions. The maximum concentration of NaCl added was 177 mg/L, and we checked in preliminary experiments whether this had any effect on the Biolog readings. No effect was detected up to the maximum NaCl concentration tested of 1,000 mg/L. The treated extracts were left for 4 h before plating. We used 96-well Biolog GP microplates that contained 95 different C substrates and a blank mixed with a tetrazolium indicator dye, which is reduced to insoluble formazan producing a purple coloration in the well. The treated extracts were inoculated onto the plates at 140 L per well. The plates were then incubated at 25ЊC in the dark and read every 12 h for 8 d using a Labsystems Multiskan RC Plate reader (Thermo Electron) at 590 nm. A positive well was defined as having 0.5 absorbance units above the blank.
Microbial biomass C
Microbial biomass C was measured by the method of chloroform fumigation-extraction [27] . Briefly, six replicate samples of each soil were equilibrated at 25ЊC for 7 d prior to analysis. Three of the replicates were then extracted with 0.5 M K 2 SO 4 , filtered and frozen until analysis. The remaining three replicates were placed inside glass dessicators with a beaker of chloroform and a jar of soda lime. The dessicators were placed under vacuum until the chloroform boiled, and evacuation continued for a further 2 min. The dessicators were then sealed and stored overnight in the dark at 25ЊC. Samples were removed and extracted as before. The samples were analyzed for total organic carbon using an Analytical Sciences Thermalox carbon analyzer (Cambridge, UK). Microbial biomass C was calculated by subtracting nonfumigated values from fumigated and multiplying by 2.22 [28] .
Tolerance of the soil microbial community to zinc Environ. Toxicol. Chem. 23, 2004 2667 
Data analysis
The number of positive wells and the calculated average well-color development (AWCD) were plotted with the concentration of Zn added to the extract and fitted with a loglogistic function curve to calculate EC50 values. A small value of 0.001 mg/L was added to the 0 mg/L Zn treatment to allow a log transformation. Shannon diversity indices and catabolic evenness values also were calculated using MVSP software (Kovach Computing Services, Pentreath, Wales, UK).
RESULTS
Soil chemical properties
A summary of the chemical properties of the soils from the two sites is given in Table 1 . The soils from both sites were contaminated predominantly with Zn, although there was a slight increase in Pb and Cd concentrations in the most-contaminated soils from Rhydtalog. The Cu and Ni concentrations in both soils were at levels typical of uncontaminated soils. At each site, there was a marked decrease in Zn concentration with increasing distance from the pylon. Zeveren was the more contaminated of the two sites. However, the solubility of Zn in the Rhydtalog soils was higher than that in the Zeveren soils, when the concentration of Zn in soil pore water was compared at a similar total Zn concentration. This can be explained by the more acidic nature of the Rhydtalog site, which was approximately 0.5 pH units lower than the Zeveren soils. Bulk soil pHs broadly were similar among the soils within each transect. Soil organic C content also broadly was similar between the Zeveren soils, but in the Rhydtalog transect the most-contaminated soil had a higher organic C content than the other soils.
Microbial biomass
In the Rhydtalog transect, microbial biomass carbon concentration in the Zn-contaminated soils (soils 2-4) was higher than in the control (soil 1), with the highest being obtained in soil 3 (Fig. 1a) . In the Zeveren transect, microbial biomass carbon was similar for soils 1 to 3, which was two-to threefold larger than that in the most-contaminated soil 4 (Fig. 1a) . When microbial biomass is expressed as a percentage of total organic C to remove the effect of variation in soil organic carbon on soil microbial biomass, the Rhydtalog transect maintains a humpbacked pattern in response to increasing soil Zn, whereas Zeveren showed a decreasing trend with increasing Zn concentration (Fig. 1b) . Figure 2 shows the patterns of the numbers of substrates utilized and AWCD for the soils from each transect when no Zn was added to the microbial extracts. For both transects, the highest numbers of substrates utilized and AWCD was not observed in the control soil, but in the number two of the increasing soil Zn sequence. The soils at each site with the M.R.H. Davis et al. middle soil Zn concentrations (Rhydtalog 2 and 3, Zeveren 2 and 3) showed increased numbers of substrates utilized compared to the control soil. These soils contained up to 783 and 1,429 mg/kg Zn for Rhydtalog and Zeveren, respectively. Numbers of substrates utilized, which is a measure of metabolic diversity, showed a humpbacked response to the increasing Zn concentration in soil (Fig. 3) . Similarly, the Shannon diversity index increased from the control soil to the soils 2 or 3 ( Table 2 ). In the most-contaminated soil 4, the Shannon index was either higher than the control (Rhydtalog) or similar to the control (Zeveren). At both sites, there was no consistent response in catabolic evenness to increasing soil Zn concentration (Table 2) .
Metabolic diversity without Zn addition
PICT
The responses in terms of numbers of substrates utilized and AWCD to the concentration of Zn added to the microbial extracts were fitted with a log-linear logistic model to derive EC50 values (Figs. 4 and 5) . In both transects, the concentration of Zn that needed to be added to the microbial extracts to reach EC50 increased with the original concentration of Zn that was present in the field soil ( Table 3 ). The Rhydtalog control soil has the lowest EC50 based on the number of substrates utilized and AWCD (0.39-0.48 mg/L Zn). The Zeveren control soil had an EC50 of 1.2 mg/L and the most-contam- The results demonstrate that the tolerance to Zn of the extracted soil bacteria increases with the level of Zn contamination in the soil from the transects. These EC50 values (Table 3) were obtained for the time point of 180 h incubation. A similar pattern was obtained using the data for the time points of 120, 132, and 192 h (data not shown). Figure 6 shows the relationship between the EC50 values and the total and soil pore water Zn concentrations. On a log scale, the EC50 values for both the number of substrates utilized and AWCD correlated linearly (r 2 ϭ 0.90; p Ͻ 0.05) with total soil Zn, and there was little difference in this relationship between the two soils (Fig. 6a) . In contrast, the two soils clearly showed different relationships between EC50 and the concentrations of soil pore water Zn (Fig. 6b) . These results suggest that, in the case of microbes, soil total Zn may in fact be a better indicator of selection pressure than soil pore water Zn.
DISCUSSION
The metabolic diversity increases with increasing stress until the concentration of the pollutant, in this case Zn, approaches values where only tolerant species can survive [29] . This type of response was reported by Posthuma et al. [19] studying PICT in soils surrounding the Budel smelter. The Biolog system has been applied to assess the potential effects of long-term exposure to heavy metals in soil [18, 30, 31] . The main limitation of the Biolog technique is that only a small fraction (Ͻ0.5-1%) of the soil microbial community is extracted and assessed [20] . The microbes that utilize the carbon substrates on the Biolog plates probably are culturable, although other authors suggest that both culturable and nonculturable bacteria contribute to formazan production on Biolog plates [21] . The provision of a high nutrient supply consisting of easily degradable substrates biases the system to- wards faster growing bacteria. Also, bacteria that cannot use some substrates as sole carbon sources potentially may be lost from the system [21] . Another factor that can influence color development of plates is inoculum density [32] , although a recent study indicates that cellular respiration rather than inoculum density [33] is the key to color development as similar inoculum densities may not have the same respiratory activity [34] . Accepting the limitations of the method, the Biolog-based technique was developed to assess PICT of soil microorganisms, albeit a small fraction of the microbial community, in response to Zn contamination [17] . Using a similar method, our study provides clear evidence of PICT as a result of longterm exposure to Zn contamination in soils impacted by the leaching of Zn from galvanized pylon structures. The EC50 for the concentration of Zn added to the microbial extracts increased by up to two orders of magnitude with increasing soil Zn concentrations in the pylon transects. Thus, PICT could be one of the reasons behind the lack of toxic effects of Zn contamination in the pylon transects on C and N mineralization, because of microbial adaptation to the long-term and gradual additions of Zn to the soils [22] . Our results suggest that adaptation to moderate Zn concentrations leads to increased metabolic biodiversity. The EC50 values recorded in the control soils broadly are similar to those reported by Van Beelen et al. [14] for their control soil in a test using 14 Cacetate mineralization. In their most-contaminated plots (1,858 mg/kg Zn), those authors recorded an EC50 value of 27.3 mg/ L, which is similar to the Rhydtalog 4 soil with a soil total Zn of 2,101 mg/kg. In contrast, Rutgers et al. [17] reported EC50 values of 50 to 200 for the control soil and 500 to 2,000 mg/L Zn for the Zn-contaminated soils depending on substrate. The extremely high EC50 values obtained by Rutgers et al. [17] are environmentally unrealistic.
The EC50 values recorded for the soils from the two transects correlate better with soil total Zn than with the concentration of Zn in the pore water. For the latter, the relationship clearly is different between the two transects. This is in contrast with the short-term study of Van Beelen et al. [14] where EC50 values correlated better with pore water Zn than total Zn concentration, although in their study only one soil type was included. The enumeration of Rhizobium leguminosarum biovar trifolii from the arable and the ex-woodland sites at the longterm sewage sludge experiment at Braunschweig, Germany [35, 36] demonstrated that decreases in the rhizobial population relates better to total soil Zn than to soluble Zn. Both experiments have a similar gradient of Zn contamination. However, the pore-water concentration of Zn was greater in the more acidic ex-woodland soil than in the arable soil. The concentration of soil total Zn corresponding to a 50% decrease in the log number of rhizobium cells in soil is 183 to 216 mg/kg for both experiments. In contrast, EC50 values of soil pore water Zn for the loss of rhizobia were different by six-fold (0.55 mg/L and 3.4 mg/L Zn for the old arable and ex-woodland sites, respectively). These results, and those from the present study (Fig. 6 ) suggest that pore water Zn concentration may not be as good an indicator of selection pressure on the microbial community in long-term exposed sites as total metal concentration. It is likely that most bacteria in soils are present in biofilms rather than soil solution. This may explain why they react more closely to total Zn rather than soil solution Zn.
In terms of risk assessment, PICT has been interpreted as indicating the adverse effects of pollutants on biological community [17] [18] [19] . Posthuma et al. [37] considered that community adaptation was only achieved by adverse changes in genetic composition thus, reducing variation. Current research and opinion suggest that high species richness benefits ecosystem sustainability because functionality will be maintained when sensitive organisms are lost from the system [15] . However, the relationship between PICT and biodiversity may not be linear, and certainly not negative, across the whole range of contamination levels. In fact, there is some evidence from soil microbial studies [2, 38] that microbial diversity responds to heavy metal stress in a humpbacked model. This model is consistent with the intermediate stress hypothesis, which states that a degree of stress within the community may increase the biodiversity of the community. This behavior has been reported in plant, animal, and microbial communities [5, 29, 39] . This stress may disadvantage more successful species, thus relieving competitive exclusion, and allow previously less-competitive species an opportunity to establish themselves. In the present study, we found that substrate utilization (both the number of substrates utilized and the Shannon diversity index), which has been considered to be a measure of metabolic diversity [21] , also responded to the Zn gradient in a humpbacked pattern. Even though there was clear evidence of PICT, Tolerance of the soil microbial community to zinc Environ. Toxicol. Chem. 23, 2004 2671 the numbers of substrates utilized actually increased with an increase of soil Zn to several hundred mg/kg above background, indicating that a detectable PICT is not necessarily linked to a decrease of metabolic diversity. Metabolic diversity decreased significantly compared to the control soil only when soil total Zn reached a very high value (3,741 mg/kg) in the Zeveren transect (Fig. 3) . At this level of Zn contamination, soil microbial biomass decreased by 60% compared to the control (Fig. 1a) .
CONCLUSION
Microbial extracts from two pylon transect soils, which had received Zn contamination gradually over decades, showed clear PICT with increasing soil Zn concentration. PICT was found to correlate more closely with total soil Zn than with the concentration of Zn in the soil pore water. Numbers of substrates utilized by soil microbial extracts increased with soil Zn in the range of 300 to 2,000 mg/kg, compared to the control, indicating that any detectable PICT did not necessarily lead to a decrease in metabolic diversity. Broad-scale soil functions, such as C mineralization and nitrification, also were unaffected in these transect soils (E. Smolders, Laboratory of Soil and Water Management, Heverlee, Belgium). The results raise a question of whether or not any detectable PICT should be regarded as negative in the risk assessment of heavy metal contamination in soils.
